Charge Radius Measurement
of ®He in an Atom Trap
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Neutron Halo Nuclei °®He and 8He
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Charge Radii of He Isotopes

RMS point proton radii (fm):
theory and experiment

He-3 He-4 He-6 He-8
QMC Theory 1.74(1)  1.45(1) 1.91(2) 1.88(1)
u-He Lamb Shift 1.474(7)
Atomic Isotope Shift 1.766(6) ? ?
p-He Scattering 1.95(10)cc  1.68(7) GG
1.81(09)co  1.42(7)co
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Atomic Energy Levels of Helium

He energy level diagram
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Atomic Isotope Shift

Isotope Shift oV = Ovyg + OVrs

Mass shift: Field shift:

due to nucleus recaoill due to nucleus size
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Atomic Isotope Shift

Isotope Shift oV = Ovyg + OVrs

Mass shift: Field shift:
due to nucleus recoill due to nucleus size
. A-A ST "
‘":' c' 6\/ oC ' ® ' BVFS 2 2
MS AA wo ooe Zx A[P(0)] x o<r=>

1S(23S, - 33P,) = 43196.202(16) + 1.008(<r?>,,, - <r*>,,.s) MHz
“G.W.F. Drake, Univ. of Windsor, Nucl. Phys. A737c, 25 (2004)

100 kHz error in frequency €= 1% error in radius



Spectroscopy of °He

Technical challenges:

® Short lifetime, small sample

® Metastable efficiency ~ 10

® Precision requirement (IS ~ 40 GHz, Field shift ~1 MHz)

- =

Laser spectroscopy of individual trapped °He* atoms

Solution:

v" High resolution: cold atoms, Doppler width largely reduced
v" High sensitivity: capable of detecting a single atom



Approach & Collaboration
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He - Production at ATLAS

12C(7Li,°He)13N - Reaction
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Atom Trapplng of Helium
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Atom Trapping of °He
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°He - Single Atom Signal

% Capture efficiency ~ 108

Single atom detection necessary!
% Single-atom signal ~ 1.0 kHz
% Single-atom S/N ~ 10 in 100 ms

% SHe capture rate ~ 150 per hour
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Single-Atom Spectroscopy
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~ 150 ®He atoms in one hour
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Isotope Shift Result

IS (23S, - 3%P,, ®He — “He)

= 43 194.772(56) MHz

RMS Charge Radius of ®He <r2>12 =2.054(14) fm (0.7%)

Error Budget

Source Correction Error
(kHz) (kHz)
Statistical BE
Trap effects 40
Uneven background 20
Frequency counter 9
Recoil effect +110 <1
Total + 110 56

Recoil Correction
2
P7

atom
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Charge Radius vs. Point-Proton Radius

Experiment: Theory:
mean square <::> mean square
charge radius point-proton radius

<r.2> <r,?>

r'C
» - .

Z<rC2> = Z<rp2> + Z<Rp2> + N<Rn2>

Experimental mean square charge radii:
Proton  <R,?> = 0.801(32) fm?
Neutron <R 2> =-0.120(5) fm?
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Conclusion and Outlook

He Point-Proton Radius
<r,2>12=1.912(18) fm

Precision

% Spectroscopy ~ 60 kHz or 0.7%
% Proton-Neutron radii ~ 0.4%
% QMC theory ~ 0.5%

8He Production Rate
% ATLAS ~ 104-10°s1
 ISOLDE >10°s1
s NSCL ~ 106 st
* RIA~10°s1

Reaction collision
Elastic collision

Atomic isotope shift
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Quantum MC
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Manipulating Neutral Atoms with Light

atom photon AN T ya
® - - @ @
—_— //l\\ —>

p=mv p=h/L

P =mv—h/A

t ~ 100 ns

scattering rate ~ 5 MHz

a~ 104 m/s2

Scattering rate o force

Laser frequency
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Trap On-Line at ATLAS
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Laser Setup - 1083 nm

Diode Laser 1
@ 1083 nm

Lock to 4He

Diode Laser 2
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Electron Scattering

¢+  Point-charge

(da) ~ Z%a’*(he)
"1~ /Rutherford —
dQ 4Ezsin4g

. Nuclei with finite size

q°=0

do do 0 2
— oo = (5= *cos' —*|F(q°
(dQ)exp (dQ) Rutherford 2 ‘ (q )‘
< r2 >charge:_6i;22 dF (Czl )
dq

detector

Electron beam %
"1\\\\\\\\\A

Target

¢ R~ 1.21xA”3fm for non-deformed nuclei

¢ NOT applicable to unstable (short-lived) nuclei
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Inverse Kinematik Proton Scattering

® Interaction cross section Proton (Hydrogen) target

G| :Tc(Rtarget+ Rbeam)2 @ /\

® Can not separate proton and neutron
distribution model-independently

® First observation of “halo nuclei”by & |

Tanihata, 1985 =
= 32
T 28-

6He g 24 4 ——He

,(°He) ~ o,(*He) + 6.,,(6He)  F 20 —e—Li
© 1.6 —s— Be
QL
c l2+—+——F—r——77——7——1——
—_ 345678 9101112131415

A
|. Tanihata, et al., PRL 55, 2676, (1985)
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Muonic Atom X-Ray Spectroscopy

/“ ‘\
u —evv

muon decay

Muonic “He* Energy Level

2 Pg,
1.5eV 812 nm
2.5y,
8.2keV [ 405 in metastable state
X-ray

1 S1/2

*

*

¢ m/m,~ 200

¢ Bohrradius m

¢ Energy level E, ~ - —¢
n

¢ Wave function  W¥(r)~ a,*%e "'®

¢ Energy shift due to nuclear size~
Al () (r?)

* Sensitivity ~ (m,/m,)?

<rz>12(*He) = 1.673(1) fm,
Carboni et al., Nucl. Phys. A278, (1977)
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